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Many microorganisms are adapted to habitats which we consider to be
extreme. For example environments with a pH as low as 2 or as high as 11,
with a low (-12 oC) or high temperature (110'C), or with a high salt
concentration (> 3.5 M NaCl). Extreme thermophiles have an optimum
temperature of growth above 65 oC, a temperature lethal to "normal" bacteria.
To survive or even prosper at elevated temperatures, adaptations are needed
concerning the stability of macromolecular celcomponents, but also concerning
mechanisms of energy transduction and intracellular homeostasis.
In chapter I an overview is given of the modes of energy transduction
and intracellular homeostasis in "normal" and extremophilic prokaryotes. The
various roles of H* and Na* as coupling ions in energy transducing processes
are discussed.
Aim of the project was to study energy transducing processes in
thermophilic anaerobic bacteria. Special problems encountered by these
organisms are the elevated temperature, the limited amount of metabolic energy
conserved in the fermentation processes, and the generation of membrane
permeable endproducts, which may dissipate part of the metabolic energy
formed. Clostridium fervidus, isolated from a hot spring in New Zealand, was
chosen as a model organism to study bioenergetics of a bacterium living in an
extreme environment. C. fervidus is an anaerobic bacterium wich has an
optimum temperature of growth of 68 "C and can use serine as a sole source
of carbon and energy.
In chapter 2 amino acid transport studies in membrane vesicles of C.
fervidus are described. Neutral, acidic and basic as well as aromatic amino acids
are transported at 40 oC upon the imposition of an artihcial membrane potential
(Ary), and/or a chemical gradient of sodium ions (ApNa), but uptake of these
amino acids cannot be driven by a chemical proton gradient (ApH), indicating
that amino acids are symported with sodium ions instead of protons. To obtain
a constant ion motive force in artificial membranes the thermostable and
thermoactive primary proton pump cytochrome c oxidase from Bacillus
stearothermophilus has been incorporated into membrane vesicles of C.
fervidus. With this experimental setup transport studies can be performed upto
50'C and these studies have demonstrated further the essential role of Na* in
the uptake of amino acids by C. fervidus.
The need to use O, as electron acceptor of cytochrome c oxidase can be
a disadvantage in studying secondary transport systems in thermophilic, strictly
anaerobic bacteria. Therefore, the reaction centers (RCs) from the thermophilic
phototrophic bacterium Chloroflexus aurantiacus have been isolated and
purified and their reconstitution into liposomes is described in chapter 3. RCs
can use light as an energy source for generation ofa Apr+ and incorporation of
the thermostable Apn+-generating system from C. aurantiacus into membrane
vesicles from bacteria makes it possible to study transport processes in the
absence of Or. The dependence of cyclic electron transfer via cytochrome c,
UQo and purified or reconstituted RCs on pH, temperature and ionic strength
has been investigated. The highest rates of photo-oxidation of cytochrome c are
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achieved at pH 8 or higher, at 55 oC and at an ionic strength below 5.10-4. RCs
can be reconstituted into liposomes composed of phospholipids from
Escherichia coli and Bacillus stearothermophilus. Upon illumination of RC-
containing liposomes a Ary of -160 mV is generated. In hybrid membranes
composed of RC-containing liposomes and membrane vesicles of C. fervidus,
a Ay of -90 mV is generated upon illumination. The Ary can drive uptake of L-
serine into the hybrid membranes.
Amino acid transport in membranes of C. fervidus is described in more
detail in chapter 4. Uptake of the negatively charged L-glutamate, the neutral
L-serine, and the positively charged L-arginine has been examined in membrane
vesicles fused with cytochrome c-containing liposomes. The generation of
artificial ion diffusion gradients has been used to establish the specific driving
forces for the individual amino acid transport systems. Uptake of each amino
acid can be driven by the Ary and ApNa but not by the ApH. The Na*/amino acid
stoichiometry of the different transporters has been estimated from the amino
acid-dependent 22Na* efflux and Na'-dependent rH-amino acid efflux. Serine and
arginine are symported with I Na* and glutamate is transported with 2 Nat.
Although Na*,4lla* exchange can be detected in membrane vesicles of C.
fervidus, various methods have failed to detect any Na',/H'antiport activity. The
implications of this unusual phenomenon are described inthe chapters 6 and 7.
In chapter 5 the cloning is described of a 4.2 kb DNA fragment of C.
fervidus that is able to complement growth of E. coli on glutamate as a sole
source of nitrogen, carbon and energy. Cells and membrane vesicles of this
recombinant E. coli show enhanced uptake of glutamate. The gene(s) encoding
the protein(s) that yield increased glutamate uptake in E. coli has not yet been
characterized.
A more general study on the role of Na* in growth and energy-
transduction in intact cells of C. fervidus is described in chapter 6. Growth is
observed only in a nanow pH range (6.3 to 7.7) and is more severely inhibited
by ionophores that dissipate ApNa than those that dissipate Ap"+ (: Aty - ZÀpH).
Several substrates are able to elicit the formation of a A'1.r and a ApNa in C.
fervidus but a pH gradient can not be detected, not even at low external pH
values. The A\y and a ApNa (-ZApNa, in mV) are each about -60 mV and
together these gradients form an electrochemical sodium gradient (4p""+), which
is relatively unaffected by the pH in the range 5.5 to 8.0. Evidence has been
observed for the presence of a primary Na' pump in C. fervídus which is able
to form a ApNJ. The observed narrow pH range of growth of C. fervídus is
consistent with the inability of the organism to form a H* gradient and thus to
regulate its cytoplasmic pH.
In chapter 7 the primary sodium pump (ATPase activity) has been
characterized further in inside-out membrane vesicles. ATP hydrolysis is
catalyzed by an enzyme(complex) with a high thermostability, a temperature
optimum of 68 oC, and a pH optimum of 6.0. The ATP hydrolyzing enzyme is
stimulated by Na*, Li*, and Mg2* ions. Inhibitor and immunological studies
indicate that the ATPase is a F-type ATPase, with some features resembling the
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V-type ATPases of Archaea. The ATPase has been solubilized from the
membranes with TritonX-100 and reconstituted into preformed liposomes in
order to determine the nature of the transported species. 2Na* is accumulated
in the proteoliposomes upon addition of ATP. and the 22Na* uptake is inhibited
by the ATPase inhibitor NO3. Addition of the ionophore monensin, which
exchanges Nan for Hn, conrpletely prevents Na* accumulation. Na* uptake is
stimulated by protonophores, which dissipate Ap"*, and the ionophore
valinomycin, which dissipates the Ary. These results demonstrate that C.fervidus
generates a Na* gradient by an electrogenic, Na*-translocating ATPase.
Chapter 8 gives an overview of energy transduction in C. fervidus. The
organism is unique since it represents the first species in which all forms of
vectorial energy transduction have been reported to be coupled to Na*. The
bioenergetic advantages and disadvantages ofusing a ApN"* instead ofa Apr+
or a Ap*"* together with a Apr,* as metabolic energy intermediate for
(thermophilic, anaerobic) bacteria are discussed.
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